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. The spectroscopic parameters, the cross relaxation and Tm 3þ ( There is strong interest in the development of fiber laser systems capable of delivering efficient high power output at a wavelength of 2 lm and beyond. To date, the most successful shortwave infrared fiber laser involves silicate glass fibers and the Tm 3þ ion 1 and many variants of this fiber laser have now been demonstrated. Recently, 2 an efficient Tm 3þ -doped tellurite glass fiber laser operating on the 3 F 4 ! 3 H 6 laser transition was demonstrated that produced a record slope efficiency of 76%. In a double-clad arrangement, Tm 3þ -doped tellurite glass fiber lasers have been shown to be capable of approximately 1 W output. 3 These encouraging results extend previous work on tellurite glasses designed for upconversion emission, 4 Tm 3þ , Ho 3þ co-doping, 5 Tm 3þ , Er 3þ codoping, 6 emission at 1.2 lm, 7 and emission at 1.47 lm.
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These studies highlight the broad capabilities of tellurite glasses and compliment previous successful studies relating to other heavy metal oxide glasses, for example, the germanates. 9 The use of tellurite glass in laser research introduces a number of important characteristics to the field including comparatively large rare earth ion solubility, a smaller maximum phonon energy compared to the other oxide glasses used for shortwave emission, and a comparatively large refractive index that creates large absorption and emission cross sections. These features make Tm 3þ -doped tellurite glass fibers particularly suitable for short length fiber lasers that deliver a narrow linewidth or pulses at a high repetition rate.
To augment the experimental demonstrations of Tm 3þ -doped tellurite fiber lasers, a detailed spectroscopic analysis that can facilitate numerical modeling and hence future optimization is required. There have been a small number of spectroscopic analyses of Tm 3þ -doped tellurite glass, [10] [11] [12] however, a more detailed investigation examining the various energy transfer processes, as a function of Tm 3þ concentration is necessary. In addition, the requirement for fiber lasers to emit longer wavelengths grows thus necessitating a spectroscopic investigation and numerical modeling study of the emission at 2.3 lm that arises from the 3 H 4 ! 3 H 5 transition of Tm 3þ . In a similar way to the 3 F 4 ! 3 H 6 laser transition, the efficiency of this transition is highly concentration dependent and the rate parameters for cross relaxation must be determined so that optimal fiber arrangements are found.
In this investigation we present a time resolved spectroscopic study of Tm 3þ -doped tellurite glass based on a recently developed with the radiative lifetimes calculated using Judd-Ofelt theory. The results from the spectroscopic measurements we then used as parameters for a numerical model, which was used to understand the performance of Tm 3þ -doped tellurite fiber lasers operating on shortwave infrared transitions.
II. EXPERIMENTAL PROCEDURE
The Tm 3þ -doped tellurite (TZBG) glass samples used for the time-resolved luminescence spectroscopy measurements were prepared from the raw materials: 99þ% ]. The absorption spectra in the range between 2000 and 10 000 nm were measured using a FTIR spectrophotometer (Nicolet 6700). The decay characteristics of the excited states of Tm 3þ were measured using pulsed 9 mJ 4 ns laser excitation from a tunable optical parametric oscillator (OPO) pumped by the second harmonic of a Q-switched Nd-YAG laser (Brilliant B from Quantel). Tunable laser excitation from the OPO was used to directly excite the 3 H 4 and 3 F 4 energy levels at 795 nm and 1600 nm, respectively. The luminescence was detected using an InSb infrared detector (Judson model J-10 D cooled to 77 K) in conjunction with a fast preamplifier with a response time of $0.5 ls and analyzed using a digital 200 MHz oscilloscope (Tektronix TDS 410). All the fluorescence decay characteristics were measured at 300 K. To isolate the luminescence signals, bandpass filters each with $80% transmission at 1450 nm or 1850 nm with a half width of 25 nm and an extinction coefficient of $10 À5 outside this band were used. The infrared emission spectrum was measured from 1200 nm to 3000 nm using a Boxcar technique working in the static gate mode (gate ¼ 1 ls) and a 0.25 m monochromator with a spectral grating blazed for 2100 nm and an InSb (77 K) infrared detector and a silicon filter at the monochromator entrance. Figure 1 shows the visible to shortwave infrared (a) and midwave infrared (b) absorption spectra of Tm 3þ (1 mol %)-doped tellurite glass. The spectrum shows a broad strong absorption band between 2500 and 3500 cm
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À1
, which we attribute to free OH À groups. 14 ) found in Er 3þ -doped germanotellurite glass produced from drying the melt using oxygen gas and CCl 4 bubbling. 16 
A. Calculation of the radiative lifetimes
The absorption transitions originating from the ground state are spectroscopically assigned as
3 H 5 and 3 F 4 (see Fig. 1 ). Judd-Ofelt theory was used to calculate the transition probabilities between the different manifolds, the radiative lifetimes, and the branching ratios as found in the literature. 17, 18 The Judd-Ofelt parameters were determined using the five main absorption bands and are summarized in Table I together with the literature overview. The absorption bands of Tm 3þ are dominated by electric dipole transitions except the 3 H 6 ! 3 H 5 transition, which contains contributions from electric-dipole and magnetic-dipole transitions and which can be easily calculated. 18 The largest error in the Judd-Ofelt calculation relates to the assumption that all Stark levels of a given multiplet are equally populated. A summary of the radiative rates, lifetimes and branching ratios of the main transitions is given in Table II (4 mol %)-doped TZBG glass using pulsed laser excitation at 795 nm with 9 mJ pulses of 4 ns duration and 10 Hz repetition rate.
2, and 4 mol % after laser excitation at 795 nm with a mean pulse energy of 9 mJ and 4 ns duration. The luminescence decay of the 3 H 4 excited state was nonexponential and was fitted using the Burshtein model, 23 obtaining
where c(s À1=2 ) is the transfer constant due to the direct donor to acceptor transfer and s m is defined by
where s R is the radiative lifetime and x is the transfer constant (s À1 ) due to the migration assisted donor to acceptor transfer. W nR is the nonradiative multiphonon decay rate (s À1 ), which is neglected for the 
The best fit to the measured 1500 nm luminescence decay curve was carried out using Eq. (3); see solid line in Fig. 3 ) was obtained using the following relation: energy levels. This phenomenon explains the initial increase in the decay time as the Tm 3þ concentration is increased. Note that measuring the luminescence close to the pumped surface can minimize radiation trapping. In our experiment, we observed an increase in the decay time at distances perpendicular to the pump of $8 mm, however, for distances of $3 mm and shorter (from where we took the measurements) the measured decay time was invariable.
The line of best fit to the decay time characteristic (open circles in Fig. 6 ) with the increase in [Tm 3þ ] was carried out using Eq. (6) 26 This model predicts a saturation of the decay time increase to a value (s R þ s 0 ), which should be reached for N Tm > N C , where N C is the critical concentration which can be calculated from
The best fit using Eq. (6) 
IV. DISCUSSION
The excitation pulse used to investigate the luminescence properties had a mean pulse energy of $10 mJ, 4 ns pulse duration and a beam area of $4.5 mm 2 providing an average intensity of $56 MW cm À2 on the sample. This pump intensity could easily create energy ETU and twophoton absorption (TPA) processes, which can produce observable visible or near infrared luminescence. Upconversion luminescence, however, was not observed in the Tmdoped tellurite (TZBG) glass used in this work after the excitation wavelengths were scanned in the following spectral ranges: (i) from 1500 nm to 2000 nm ( À radical whose relevant absorption band is shown in Fig. 1(b) for Tm 3þ -doped TZBG glass. A partial overlap between the 3 F 4 ! 3 H 6 emission band of Tm 3þ (with a maximum at $5360 cm À1 ) and the free OH À radical absorption ( ¼ 0 ! ¼ 2) (with absorption between 5000 and 7000 cm À1 ) clearly exists and the energy transfer should be dominated by excitation migration of the 3 F 4 level. The energy transfer process Tm 3þ ! OH À was investigated using the data in Fig. 6 by taking the difference between the calculated lifetime (s d ) that contains the migration effects and the effective lifetime (s). The rate of energy transfer W OH is given by
The following W OH transfer rates were obtained for the Tellurite glasses have shown efficient emission at $2 lm from Tm 3þ -doped and Tm 3þ , Ho 3þ -doped tellurite glass optical fiber lasers. 2, 3, 26, 27 The results presented in this investigation indicate that perhaps the main issue impeding the efficiency of these fiber lasers is water incorporation and the low luminescence efficiency of the 3 F 4 level in the more concentrated (i.e., > 2 mol %) Tm 3þ -doped samples. To illustrate this, we have carried out a numerical simulation to predict the performance of Tm 3þ -doped tellurite fiber lasers.
The profile of the second overtone (SO) absorption from free OH À radicals (the fundamental absorption feature is shown in Fig. 1(b) We will use a rate equation analysis to describe cw operation of Tm 3þ -doped TZBG fiber lasers. Figure 7 shows the simplified energy level scheme used to describe the Tm 3þ -doped TZBG laser system for cw laser pumping of the n 4 level (i.e., the 3 H 4 manifold). n 1, n 2 , n 3 , and n 4 are the populations of the 
where R P ¼ r 14 ðI P =h P Þ is the pump rate (s Fig. 8 , where one can see that equilibrium is reached within t 4 ms [see Fig. 8 ). The threshold pumping intensity decreases to 3 kW cm À2 for laser emission at 1865 nm for the [Tm 3þ ] ¼ 4 mol % sample if we set the W OH ¼ 0, i.e., for a hypothetically OH-free sample, as is shown by the blue colored curve in Fig. 9(a) . On the other hand, laser emission at 2335 nm has maximum population inversion (i.e., Dn 2 ) for [Tm 3þ ] ¼ 0.5 mol % and a negligibly small threshold pump intensity; see the results presented in Fig. 9(b) .
To create a fiber laser based on the 3 H 4 ! 3 H 5 laser transition which has a low luminescence efficiency (g l ¼ 1.74% for [Tm 3þ ] ¼ 0.5%) in Tm 3þ -doped (tellurite or fluoride) glass one must fabricate a fiber glass that is 1 (or 2) meters long and pump using a diode laser emitting at 792 nm. This laser transition has the advantage of being a four level system with the lower laser level ( 
V. CONCLUSION
It has been determined that the luminescence efficiency of the 3 H 5 ! 6 H 6 transition at $1230 nm in Tm 3þ -doped TZBG glass at T ¼ 300 K is negligibly small which is primarily the result of large rates of multiphonon emission which forces the nonradiative decay rate to be much bigger compared to the calculated radiative rate decay of 499 s À1 . The decay time of the 3 H 4 level is concentration dependent which we attribute to the well-known CR process, which is assisted by excitation migration. 
